A large-scale lifetime building monitoring program was implemented in Singapore in 2001. The monitoring aims of this unique program were to increase safety, verify performance, control quality, increase knowledge, optimize maintenance costs, and evaluate the condition of the structures after a hazardous event. The first instrumented building, which has now been monitored for more than ten years, is presented in this paper. The long-gauge fiber optic strain sensors were embedded in fresh concrete of ground-level columns, thus the monitoring started at the birth of both the construction material and the structure. Measurement sessions were performed during construction, upon completion of each new story and the roof, and after the construction, i.e., in-service. Based on results it was possible to follow and evaluate long-term behavior of the building through every stage of its life. The results of monitoring were analyzed at a local (column) and global (building) level. Over-dimensioning of one column was identified. Differential settlement of foundations was detected, localized, and its magnitude estimated. Post-tremor analysis was performed. Real long-term behavior of concrete columns was assessed. Finally, the long-term performance of the monitoring system was evaluated. The researched monitoring method, monitoring system, rich results gathered over approximately ten years, data analysis algorithms, and the conclusions on the structural behavior and health condition of the building based on monitoring are presented in this paper.
Introduction
In the case of residential, high-rise buildings, malfunctioning can have serious consequences. The most severe is an accident involving human victims. Even when there is no loss of life, inhabitants suffer significantly if their building is partially or completely out of service. Residential buildings that undergo an extreme event, such as earthquake, explosion, or terrorist acts, are usually evacuated and there is an immediate need to estimate their structural condition in order to mitigate the crisis (e.g. [1] ).
Structural health monitoring is becoming recognized in the domain of civil engineering as the proper means to increase safety and optimize the operational and maintenance costs of the structures. Detection of unusual behavior (e.g. due to damage or deterioration) can be used to assess deviations from the design performance. Monitoring data can be integrated in structural management systems and increase the quality of decisions by providing reliable and unbiased information.
In spite of its great potential, SHM is not applied in a widespread or systematic manner to residential buildings. Among others, an important reason for this is the lack of generic monitoring solutions that are reliable and affordable, which is in part a consequence of the lack of knowledge regarding the long-term behavior of buildings. High-rise buildings are the most frequently monitored during extreme events, using accelerometers (e.g. [2] [3] [4] ), inclinometers (e.g. [4, 5] ) and/or GPS-based sensors (e.g. [5] [6] [7] ). These methods provide important information regarding Figure 1 . Building at Punggol EC26: (a) during construction and (b) upon completion [8] . the building's behavior during the event and help postevent evaluation. However, a limitation of vibration-based techniques is that they cannot be used to assess slow changes in structural behavior, e.g. due to differential settlements of foundations or rheologic redistribution of the loads. The GPS-based techniques can be used for long-term monitoring, but their performance may be challenged in cases where the slow changes in structural behavior do not generate significant global displacements. This paper presents an alternative approach based on strain monitoring using long-gauge fiber optic sensors. The most important advantages of fiber optic strain sensors are high accuracy and long-term stability, durability, and insensitivity to electro-magnetic influences, corrosion and humidity. References [8, 9] discuss the advantages and implementation of fiber optic sensors in more detail, and present successful examples of their application to SHM of buildings.
The overall objective of this research has been to develop an affordable method for SHM of residential buildings, which can detect slow changes in structural behavior and provide long-term performance. The method includes selection of the monitoring system, design of the sensor network, and development of data analysis algorithms. It focuses on long-term static monitoring based on strain sensing and it can be considered as complementary to the other, above-mentioned methods for SHM of buildings.
The aims of this paper are the following: (1) to present all aspects of an SHM method based on static strain measurements, as applied in a real project (with all the associated limitations imposed by the real-life setting), (2) to demonstrate, through a real example, the value of the presented SHM method, and (3) to provide insight into the real-world long-term structural behavior of high-rise buildings. The method has been applied for more than ten years on a Punggol EC26 high-rise residential building in Singapore, and its successful application and the rich results gathered have led to instrumentation of more than 400 other buildings.
The project realization was subjected to real-life limitations, such as those related to cost constraints and safety issues. As a consequence of the former, a limited number of sensors were installed. As a consequence of the latter, accessibility to sensors at different stages of the project was limited, and thus there is some missing data in the results of monitoring. In addition, some data related to design and structural analysis is not publishable. In spite of these limitations, the project yielded very important insights into real structural behavior that are presented in the paper.
The paper is organized as follows. The instrumented structure and monitoring strategy are presented first, followed by the chosen sensor topology and network. Local and global monitoring results are then presented and analyzed. Finally, results and conclusions are summarized.
Punggol East Contract 26, block 166A
The Housing and Development Board (HDB), as Singapore's public housing authority, has an impressive record of providing a high standard of public housing for Singaporeans through a comprehensive building program. As a part of safety and quality assurance of new HDB high-rise buildings, it was decided to perform long-term SHM of new buildings of the development project Punggol East Contract 26 [10] . A view of the building under construction and after completion is presented in figure 1 .
This monitoring project was considered as a pilot project with three aims: (1) to develop a monitoring method for column-supported structures such as high-rise buildings, (2) to collect long-term data in order to increase knowledge on its real structural behavior, and (3) to assess the health condition of the building. The monitoring had to include the whole lifespan of the building, from construction to in-use. The Punggol EC26 project consists of six blocks founded on piles, and each block is a nineteen-story tall building, consisting of six units and supported on more than 50 columns at ground level. The block called 166A was selected for monitoring.
Monitoring strategy

Monitoring criteria
Several monitoring criteria have influenced the development of the monitoring method [10] :
(1) Singapore is neither in an important seismic area nor in an area exposed to strong winds (e.g., [11] [12] [13] ); this combined with a limited budget for monitoring led to the decision not to perform dynamic monitoring. (2) Critical members had to be monitored, i.e., those in which malfunctioning or failure would generate partial, or even complete, malfunctioning or failure of the structure. (3) Monitoring had to be performed at both local and at global structural levels; as the knowledge concerning the behavior of one or a few columns is not sufficient to make conclusions concerning the global structural behavior, a representative number of columns had to be equipped with the sensors. (4) The budget allocated to monitoring activities was limited;
in addition, being a pilot project which contained some uncertainties and was subject to development and changes, it was decided to limit the number of sensors installed in the building and to concentrate on the results obtained from this limited number of sensors in order to evaluate the method and improve its performance. (5) The selected monitoring system had to be designed for structural monitoring, i.e., it had to be free from the influence of local concrete inhomogeneity; consequently the sensors had to have long gauge length [14, 15] . (6) The monitoring was to be performed over the whole lifespan of the structure, including the construction phase; the monitoring system selected for this type of monitoring had to have appropriate performance, notably it had to feature high accuracy and long-term stability; this criteria indicated fiber optic technologies [16] as possible solutions. (7) For aesthetic reasons it was not permitted for sensors and sensor cables to be visible or to egress directly from the columns; thus the sensors and accessories had to be embeddable in the concrete.
The presented criteria called for a particular monitoring strategy including (1) the selection of the sensor positions, (2) the selection of the monitoring system, (3) the establishment of a measurement schedule, and (4) the development of algorithms for data analysis [10] .
Selection of sensor positions and the monitoring system
Selection of the columns to be instrumented with sensors was constrained by criteria 1-4 above, and was based on building design and structural analysis. Several columns at ground level were identified as critical members (based on structural analysis used in design of the building) and it was decided to instrument ten of them, shown in figure 2, that were estimated to be the most critical.
Selection of the monitoring system was constrained by criteria 1 and 5-7 above. The fiber optic longgauge strain monitoring system SOFO [17] based on low coherence interferometry was selected, as it fulfils the project requirements, i.e., it features excellent longterm stability, insensitivity to electro-magnetic interferences, humidity, and corrosion, physical robustness necessary for safe and easy handling and embedding in concrete [18] , and excellent measurement performance-a resolution of 2 µm independent of the gauge length and linearity better than 0.2% of measured deformation [17] [18] [19] . Random error of the system was equal to the resolution, while the relative systematic error was equal to the linearity. In addition, the sensors are self-compensated (insensitive) to temperature changes, which is enabled by the use of measurement and reference optical fiber, the former coupled with the structure and the latter strain free (see more details in [8, [17] [18] [19] ). A more extensive literature review on long-gauge fiber optic sensors is omitted here, as it falls outside the topic of the paper, however the interested reader can find more data in ( [14, [16] [17] [18] [19] [20] [21] , etc).
As the purpose of monitoring was global evaluation of the structural health condition rather than understanding how the stresses redistribute locally in the column, it was decided to use long-gauge sensors. The length of the sensors was determined as a combination of the available height of the column (3.5 m), on-site conditions, and accuracy concerns related to gauge length (see [14] ); hence, 2 m long sensors were used. The general advantages of long-gauge sensors are insensitivity to local material inhomogeneities present in concrete [14] and enhancement of damage detection thanks to the long-gauge length (2 m/3.5 m = 57% of the column length is equipped with sensor). The error limits of measurement in terms of average strain were 1 µε (2 µm/2 m) or 0.2% of measured average strain, whichever is higher.
Based on design and construction details, the dominant load in each column is compressive axial force; therefore, the influence of bending to deformation is minimal. Consequently, a single sensor per column, installed parallel to the column axis, and not necessarily in the center of gravity of the cross-section, was estimated as sufficient for monitoring at the local column level. Some bending in columns certainly occurs due to interaction with horizontal frames, foundation imperfections, and eccentricity of the axial force. The former two create a linear bending moment distribution along the column with extreme values at the top and bottom of the column and an inflection point (zero moment) at approximately half height of the column. The sensor's long gauge further minimizes the effects of this bending moment on the measurement, as the center of the gauge length is close to the inflection point. Bending moments due to eccentricity of axial force, although minimal, affect the measurement, and its influence is accounted as error in measurement of axial strain. The influence of bending moments generated by eccentricity was confirmed to be minimal by a separate study based on Eurocode 2 and Bayesian data analysis (for more details see [22] ). The position of sensor in the column is presented in figure 3 . The eccentric positions with respect to the columns' centroids were imposed by real-life limitations: as the sensor is soft (to allow easy handling of 2 m long sensors and enhance strain transfer from concrete at early age [18] ) it is straightened and simply attached to the rebars using plastic ties; the installation of sensors in the centroids of columns would require the addition of rebars at these locations, which would present an obstacle for vibrators and would require special approval, the redesign of the columns, and an increased cost of installation.
Singapore is located only 137 km (85 miles) north of the Equator, with a tropical rainforest climate and no distinctive seasons, thus yearly temperature and relative humidity (RH) variations are low. The average daily temperature varies between 23 and 34 • C approximately (extremes 19.4 and 35.8 • C), while the average RH is often higher than 90% in the morning and approximately 60% in the mid-afternoon, with a mean value of 84% [23] . The fact that temperature variations are low in Singapore, combined with the requirement to keep the cost of monitoring contained, led to the decision not to monitor the temperature in concrete. The lack of temperature monitoring introduced uncertainty in the estimation of strain components from measurements, but did not affect the accuracy of the monitoring system as the SOFO sensors are self-compensated to temperature (e.g. [17] [18] [19] ).
Schedule of measurements
In order to decrease the cost of monitoring, it was decided not to centralize the system and to perform measurements manually during scheduled field measurement sessions. During the construction period, one measurement session was performed upon completion of each new story and the roof. After the construction, the measurement sessions were carried out less regularly, typically few times a year. However, in order to evaluate the influence of combined daily fluctuations of temperature, humidity, and live load, 48 h continuous sessions were performed in years 2004-7, i.e., when these fluctuations became the most dominant deformation factor. In addition, the 48 h continuous sessions are also used as baselines for data analysis and detection of unusual behavior. Finally, special measurement sessions were envisaged upon extreme events, and one such a session was performed after the tremor generated by the earthquake in neighboring Indonesia in 2005.
General description of data analysis algorithms
The data analysis was performed at the local member level and the global structural level. Local member analysis focused on the strain magnitude measured in each individual column, while global structural analysis focused on the behavior of the building as a whole. Local level analysis consists of Table 1 . Input parameters for estimation of creep based on different codes (adapted from [25] ).
Influencing factor
three parts: (i) comparison of long-term measurements with a numerical model to detect unusual behaviors and assess the actual performance of the columns, (ii) comparison of the estimated elastic strain with limit states to assess the structural safety of the columns and (iii) comparison of short-term strain changes with the baseline measurements (from 48 h sessions) to identify changes in columns' structural behavior caused by hazardous events. Global level analysis consists of two parts: (i) analysis of linear correlations among the groups of sensors belonging to the same unit to identify local changes in structural behavior (e.g. differential settlement of foundations) and (ii) analysis of linear correlations among all the sensors in the building to identify global changes in structural behavior (e.g. inclination of the building or drifting of the upper floors). Algorithms applied in local (member) analysis are presented first, followed by algorithms for global (structural) analysis. The long-gauge sensor measures the average total strain over its gauge length [14] , and for mature concrete the measured strain under usual conditions consists of four common components: elastic strain, creep, shrinkage, and thermal strain [15, 16] . The sensor measures the sum of these components (total strain), but the estimation of individual components from measurements is very challenging, as it would require determination of creep and shrinkage through long-term tests, which would involve high costs. Thus, comparison with a numerical model was chosen as a more economic option. However, creation of an accurate numerical model that accounts for creep and shrinkage would require the determination of input parameters that can only be obtained from similar expensive tests. That is why the data is analyzed at the local column level by comparison of the results with a numerical model based on the simplified CEB-FIP Model Code 1990 (MC90), i.e. on practical design recommendations [24] based on MC90. This simplified version of MC90 (i.e., practical design recommendations [24] ) was chosen due to numerous uncertainties related to concrete properties and ambient conditions. It deals with minimum external parameters and makes the analysis less complex. Any other code-based model needs more parameters, which were not all available due to cost limitations and safety concerns. As an illustration, parameters influencing the creep as per various codes are given in table 1 (adapted from [25] ).
The expressions (1) and (2) were used to estimate creep and shrinkage at time t after the pouring [24] :
where n = number of load increments, ε ϕ = creep, E,i = strain component generated by loading i (elastic strain), K ϕ,i = mean creep coefficient dependent on the notional size (effective size member), relative humidity and age at time of application of loading i, f ϕ,i (t) = creep function ranging between 0 and 1, dependent on the notional size (effective size member) and age at time of application of loading i;
where ε Sh = shrinkage, ε Sh,max = mean final shrinkage dependent on the notional size (effective size member) and relative humidity, f Sh (t) = shrinkage function ranging between 0 and 1, dependent on the notional size (effective size member). It was first verified that all the necessary assumptions were satisfied, i.e., the concrete has aged more than 28 days, was built of normal weight aggregate, with grade ranged between 20 and 50 MPa, subjected to compression stress not exceeding 0.4f ck (f ck = 40 MPa, characteristic cylinder strength at 28 days). The load level in columns is relatively low, and the stress-strain relation of concrete could be modeled as linear elastic. In order to simplify analysis it was assumed that loads were applied in discrete increments, e.g. one built story is considered as single change in load. One increment of load during the construction corresponds to the a Geometrical data for column C7 were not available. b As defined in [24] . dead-load generated by one new story or the roof. The exact load increments could not be measured and the design values have been used for modeling.
Values of mean final creep coefficients and creep function are calculated using linear interpolation of values given in practical design recommendations [24] based on MC90 (table 2.3 and figure 2.7(b) respectively, both given in [24] ). Values of mean final shrinkage and shrinkage function are calculated using linear interpolation of values given in the practical design recommendations [24] based on MC90 (table 2.3 and figure 2.7(b) respectively, both given in [24] ). The creep and shrinkage were modeled for each monitored column using the time of concrete pouring as a reference and conservative average RH of 75%. The RH of 75% is chosen as a compromise-the columns are on one face exposed to outdoors (mean RH 84%), and on the other face exposed to indoors (lower RH). The creep was estimated, taking into account the real loading incremental schedule during construction as reported from the contractor, while afterwards the schedule of loading was based on an averaged increase in building occupancy rate.
The columns were built using common concrete mix, with Young modulus of 28 GPa at 28 days. The shapes of columns, cross-sections and their exposure to environment, as well as design dead and live loads are different from column to column. Geometrical properties of cross-sections are presented in figure 2 and table 2.
Since the temperature was not monitored, the thermal strain could not be estimated. Hence, under the normal (usual) structural condition the total strain at time t after the pouring was estimated as a simple sum of elastic strain, creep and shrinkage, while the thermal strain was included in the measurement error. The final values of all considered strain components and the total estimated strain for each column are given in table 3 and graphically represented in figure 4 . The load level, calculated as the ratio between the design axial force in the column and product of concrete compressive strength and area of cross-section, is given in the same table.
Pouring of columns was made on 11 April 2001. The reference measurement was performed after the second story was built, i.e. 43 days after the pouring of columns and 15 days after the pouring of the first story, and the elastic strain generated by the first two stories, creep generated over 15 days by the first story dead-load, and the shrinkage developed over the first 43 days were not included in monitoring. These values are estimated using simplified MC90 [24] and presented in table 4 .
The data was analyzed at the global structural (building) level by correlating measurements from different columns. This approach is presented in more detail. Supposing the story slab and horizontal beams are provided with high stiffness, (1) the columns supporting the slab are expected to deform for similar absolute values and (2) the total strains in different columns are expected to be in mutual linear correlation. The two criteria presented above are, in general, used to detect imperfections in column-supported structures as described in [8] . An illustration of the method for detection of unequal foundation settlement is presented in figure 5 (a) [8] . The Table 4 . Estimated strain components and total strain that were not included in monitoring. column with foundation subject to settlement will elongate while the neighboring columns will shorten. In this case the linear correlation between the elastic strains of the columns is lost. Moreover, the strain changes in the column whose foundation is subjected to settlement will become very small, i.e., the strain in the column will become almost constant. Similar to the previous example, an inclination of the building story as a whole is detected from unequal deformation of the columns, as presented in figure 5 (b) [8] , the deformation of columns found on one side of the center of rotation of the building will systematically decrease while the deformation of the columns found on the other side will increase. Besides the descriptive analysis presented above, statistical analysis and, in particular, analysis of linear correlations between the measurements of different sensors can ascertain the structural malfunction. In particular, linear correlations between the columns will be preserved, but the slopes of these correlations will change (correlations will feature bilinear behavior). A permanent story drift will change the position of the centroid of weight of the building, which in turn will change the global static moment with respect to the centroid of stiffness of the ensemble of columns and affect the redistribution of axial forces (and strains) in columns, with consequences similar to inclination of a building story. Distinction between story drift and inclination can be made by an additional inspection. Collected data was stored automatically in the SDB relational database [26] . The SDB software suite [27] is used for data analysis and visualization. The 'SDB Pro' plug-in module [28] was upgraded with a novel 'macro-sensor' called 'Concrete Analyzer', which enabled direct comparison between the measurements and estimations based on simplified MC90, i.e., it enabled automatic data analysis at the local level. The analysis at the global level was performed using standard 'macro-sensor' functions of 'SDB Pro'. The 'SDB View' plug-in module [29] was used for data visualization and alarm.
Results and analysis
General
The measurement of a long-gauge sensor embedded in concrete represents the total average strain change with respect to the reference time. It includes the sum of several strain components, which for mature concrete under usual conditions can be represented by expression (3)
where ε s = change in total strain measured by sensor, ε E = strain component generated by stresses, ε ϕ = creep, ε Sh = shrinkage, and ε T = thermal strain (total strain and all strain components represent changes with respect to the reference time).
Since the temperature changes in Singapore are small, the temperature was not measured, and the thermal strain could not be determined. It was assumed that thermal strain can be neglected, i.e., ε T ≈ 0, and consequently expression (3) simplifies to:
In expression (4), the thermal strain is actually considered as the error in measurement of the sum of the elastic strain, creep and shrinkage. The error introduced by the lack of temperature monitoring was assessed during the four 48 h continuous measurement sessions performed in years 2004-7. Maximal variation of the strain due to daily temperature variations was evaluated and extrapolated to yearly variations. This was possible assuming that during those 48 h the load in the building does not change significantly (only occupants moved in and out on daily business), while the changes in the creep and shrinkage could be neglected for such a short period of time. Error limits of the monitoring system for measured strain up to 500 µε (µε)
Error limits of the monitoring system for measured strain up to 1000 µε (µε)
Error limits e(ε s ) of total strain measurement (as considered in expression (4)) (µε)
Thermal strain in columns was influenced by their exposure to both the sun and the air-conditioned areas. Hence, the daily strain variations were different for different columns. In particular, columns C5 and C6 were about three to four times more sensitive to ambient air temperature changes than the other columns. Maximal changes of temperature and strain registered during these 48 h sessions are given table 5. Their extrapolations to maximal average yearly temperature variations are given in the same table. Finally, the maximal estimated error in total strain measurement is given in the same table, taking into account the random error of the monitoring system, which is estimated to br 1 µε (2 µm over the gauge length of 2 m), and systematic error, which is estimated to be 1 µε/500 µε of measured strain.
Results
The results of monitoring are presented in figure 6 . The diagrams presented in figure 6 all have similar shapes; nevertheless, three main behavioral groups are identified.
(G1) Group 1 is formed by columns C2, C4, C6, C7, and C10, in which total strain evolution diagrams do not feature observable irregularities. components stabilize slowly (creep developed ∼97% and shrinkage ∼84%, estimated using MC90) and the strain fluctuations due to temperature daily variations become more visible (see 48 h sessions in figure 6 , and for example, period 22 January-22 September, 2009).
Analysis at local, member level-long-term results
At the local structural level, the strain in columns was first compared with the model. The monitoring results and the simplified MC90 model are not expected to match perfectly due to several simplifications that involve both monitoring method and the model. The following imperfections influence, in the most significant manner, the difference between the model and measurements (other imperfections are present but their influence is not very significant, see [8, 10] for more details):
(E1) The temperature of columns was not monitored: the temperature variations were small and the 48 h sessions performed each year in period 2004-7 had shown that they did not significantly influence total strain variations in columns, which can be explained by the reduced Figure 6 . Total strain evolution in columns registered during approximately ten years.
exposure to sun and changed thermal conditions in the completed building; however, in the construction phase the columns were exposed to sun and the thermal strain could significantly influence the value of total strain during that period; in particular, a bias could have been introduced while performing the reference measurement; the influence of temperature variations is estimated in table 5. (E2) Uncertainties related to loads: the elastic strain was calculated using design values, which are however only the estimates based on expected weight of material, concrete mechanical properties and structural interaction between columns and horizontal members-slabs and beams; rheologic strain components were not taken into account in the design and, consequently, redistribution of loads and elastic strain among the columns due to creep and shrinkage were not included in calculating the elastic strain. (E3) Uncertainties related to real structural behavior: an unusual structural behavior (e.g. differential settlement of foundation or higher stiffness of horizontal structural members) may cause non-designed redistribution of load among the columns and increase the difference between the model and the measurements; bending in columns was not expected, and its influence on the measurement was expected to be negligible; however, due to real-life construction imperfections it was probably not completely canceled, and thus it contributes to a difference between the model and the measurements. (E4) Accuracy of modeling based on simplified MC90: the rheologic strain components are estimated using practical design recommendations based on MC90, which proposes simplified algorithms for an average concrete, without taking into account several factors that influence development of creep and shrinkage, such as type of cement, water-cement ratio, real variations of relative humidity and temperature, etc, and in addition simplified linear behavior of concrete is assumed; the simplifications in the model certainly influence the accuracy of estimation of total strain and consequently affect the comparison with measured values.
Hence, it was very difficult to estimate the goodness of the comparison, as the discrepancy between the model and the measurements, besides the error of the monitoring system, largely depends on the error in model. A literature review [30] showed that the coefficient of variation (ratio between standard deviation and the mean) as a measure of discrepancy between the measurements and models based on various codes can vary for creep only between 6% and 83%. Moreover, in the extreme cases the discrepancy between the measured total strain and the models can be as large as several times (e.g., [31] ). MC90 gives estimations of a mean coefficient of variation for the predicted creep function of 20%, and for predicted shrinkage function of 35% (ACI estimations are 41% and 30% respectively). An additional source of error is modeling of elastic strain at the location of the sensor, which depends on the Young's modulus of concrete and loads and also on the eccentricity of the axial force in the column and the eccentricity of the sensor with respect to the centroid of the column. Taking into account all the above influences, and based on tolerances for determination of loads, known eccentricity of sensors and an assumed eccentricity of axial force of 15%, the uncertainty in modeling (equivalent to coefficient of variation) of elastic strain at the location of the sensors was estimated to 25%. Since the strain components are not mutually independent (for example, creep and elastic strain both depend on load, while creep and shrinkage both depend on relative humidity), it is very difficult to accurately estimate the uncertainty of the modeled total strain (which is the sum of the strain components). That is why, based on Cauchy-Schwarz inequality for covariance, expression (5) was used to estimate the uncertainty in modeling the total strain:
where δ denotes (relative) uncertainty, and v denotes uncertainty (coefficient of variation) in strain components (v load = 0.25, v ϕ = 0.30 and v Sh = 0.35 as per above discussion). The (relative) uncertainty presented in expression (5) is determined based on statistical analysis using standard deviation as its measure. Expression (5) is actually a non-conservative limit estimation of uncertainty in modeling, because the actual uncertainty is smaller due to dependences among the strain components. The uncertainty of the model depends on the magnitude of the strain and, as the latter depends on time (adding of load, rheological strain), it also depends on time. The uncertainty calculated based on expression (5) for each column at various times ranges between 25% and 27%. This value (around 25%) is in accordance with the authors' personal experience and also with the study presented in [32] . The practical interpretation of this value is that in 68% of cases the relative difference between the real strain and the model is expected to be within this value. However, this value does define the relative error of the system (as in the other 32% of cases the difference is expected to be outside this value). Nevertheless, the uncertainty in the model is combined with the relative error limit of the monitoring system to compute a threshold value indicating that some unusual behavior may be developing in the structure. The relative error limits of the monitoring system are calculated for each column using the error limits from table 5 and expression (6) δ( ε ms ) = e(ε s )/ ε m (6) where δ( ε ms ) = relative error limits of the monitoring system, e(ε s ) = error limits of the monitoring system as given in table 5, and ε m = strain change with respect to reference time estimated by the model. The threshold, i.e., allowable discrepancy between the measurements and the model is then estimated using expression (7) ±δ( ε s ) = ±δ( ε ms ) ± δ(ε model ).
Standard deviation, as the measure of uncertainty of the model, does not include all possible cases of agreement between the modeled and true strain (it excludes some 32% of cases). Consequently, a difference between measurements and the model that exceeds the threshold does not necessarily indicate that the structural health condition is severely compromised; it rather indicates an unusual behavior that should be further analyzed in more detail.
In order to simplify the presentation, three moments in time are presented in detail and compared in this paper: (1) the end of construction (19 July 2002, 464 days after the pouring), (2) the measurement performed on 25 September 2008 (2724 days after pouring), and the last available measurement at the time of writing of this paper (11 February 2011, 3593 days after the pouring). The comparison is given in table 6 . The values presented in the table take into account estimated strain components not included in monitoring, as given in table 4. Thresholds are calculated for each time stamp and presented in table 6. It is considered that an unusual strain is detected when the relative difference between measurement and the model exceeds the threshold. The detected unusual strains are highlighted in the table. In spite of many sources of errors and uncertainties, the comparison between the modeled and the measured values of total strain is rather good (see table 6 ), and most of the values are found to be within estimated thresholds. Nevertheless, a few values exceeded the thresholds. The initial findings related to these unusual behaviors are briefly presented in this section, while a more extensive discussion is given in the sections discussing global structural analysis (sections 4.5 and 4.6).
At the end of the construction, two unusual strain values were identified, in columns C2 and C9 (see table 6 ). The excursion of the strain of column C2 out of the limits during the construction is attributed to its low stiffness; the strain is in the long term redistributed to other structural members due to rheologic effects, and then it falls back within acceptable limits. However, the strain in column C9 has a consistently lower value than expected, and the discrepancy between the measurements and the model increases over time. This is probably due to the transfer of load to neighboring stiff core and/or overestimation of load (i.e., over-dimensioning of the column).
Column C3 also showed unusual behavior in the long term, which is attributed to differential settlement of foundations. The hypothesis that column C3 experiences differential settlement of foundations was further studied and confirmed using a Bayesian analysis of data and a concrete model based on Eurocode 2 (see detailed presentation in [22] ). For both detected unusual behaviors further analysis is performed in sections 4.5 and 4.6 (global structural analysis).
The detected unusual structural behaviors indicate minor malfunctioning of structural members and do not represent an issue for structural safety since the elastic strain in concrete is significantly below the ultimate values, i.e., between −1350 µε (estimated linear elastic limit for compressive strain) and +60 µε (estimated ultimate extension strain).
Analysis at local, member level-post-tremor evaluation
In March 2005 the earthquake in neighboring Indonesia created a tremor in Singapore. In order to evaluate potential degradation in structural performance a single session over all the sensors was performed immediately after the tremor. Results are presented in figure 7 . The change in strain before and after the tremor varied in different columns between −7 µε and +5 µε. This variation is considered as usual, and was attributed to temperature and live load variation rather than the tremor, since it was in the range of the previously discussed 48 h variation registered in 2004. As a consequence, the concerns whether the structural safety of the building is compromised or not and should the building be evacuated, were both immediately cleared. Furthermore, the range of 48 h variation of strain registered in 2005, which is similar to that registered in 2004, confirmed that no degradation of performance occurred due to the tremor. 
Analysis at global, structural, level-construction period
Analysis at the global level is based on a comparison between the strains measured in the columns belonging to the same unit (see figure 2) and globally, between the all instrumented columns. These two types of analyses were performed, both during the construction and in the long term. Columns C1, C2 and C3 are located in Unit A (see figure 2) . During the construction, the average strain measured in these columns is similar in value for each column (see figure 6 and table 6 ). This indicates that the second floor slab displaced practically as a rigid body. The measured strain and the forces in columns C1 and C2 are slightly higher than values predicted by the model, while in column C3 they are slightly lower. The observed difference is due to redistribution of stresses and strains, which is imposed by the stiffness of the second floor three-dimensional structural frame and interaction with the other columns that have not been equipped with sensors. This statement is loosely supported by the fact that the sum of forces in the concerned columns obtained from monitoring is approximately equal to the corresponding sum obtained from the modeling. The analysis and conclusions concerning Units B and C are the same as for Unit A (see figure 6 and table 6), with the proviso that for Unit C the analysis is less complete and less conclusive since only two columns belonging to this unit have been equipped with the sensors.
Different behavior was noticed in Unit E (see figures 2 and 5). Column C10 has deformed by a similar magnitude as the columns C1 to C8, but the measurement results of column C9 exhibits only approximately 0.63 of the strain in column C10, and this was systematic during the construction (see figure 6 ). It is important to highlight here that structural conditions of columns C9 and C10 are different from the other columns. In the first six floors of Unit E there are no dwelling units (see multi-story void in figure 2 ). The space above column C9 is practically empty, while column C10 additionally supports a bridge for connection to building parking. Therefore, the behavior of the three-dimensional structural frame in Unit E is more complex, and its structural analysis was challenging and possible only with limited accuracy. The monitoring has helped in understanding the real behavior of this complex part of the building and indicated the direction for improvement of the design and structural analysis models, and for updating the numerical model of the strain. A similar magnitude in strain, measured in nine out of ten columns, indicated no global rotation or drift of the building floor (see figures 4(b) and 5). Linear correlation between all the sensors during the construction indicated sound structural behavior (see figure 8 in section 4.6). Thus, the unusual behaviors detected during construction in columns C2 and C9 (see section 4.4) were attributed to imperfections in design models (structural analysis) and had no significant influence on the structural health condition of building.
Analysis at global, structural, level-long-term results
After the construction, the dominant sources of strain are initially creep and shrinkage. After their stabilization the temperature variations became dominant (see figure 6 ). Creep and shrinkage can generate redistribution of forces among the columns and the redistribution depends on the stiffness of the horizontal structural members (three-dimensional frames and floor slabs). Since the shrinkage is similar for all columns, and the creep is proportional to elastic strain, the expected redistribution of stresses and strains will reflect small changes in linear correlation between the columns. The linear correlations among the columns belonging to the same unit are shown in figure 8 .
The linearity is well preserved in the long term among the strains measured in Units B, C, and E. Linearity in Units B and C confirms that these two units do not experience unusual behaviors. Linearity in Unit E indicates that the behaviors of columns C9 (with smaller detected strain, see section 4.3 on local analysis) and C10 are strongly correlated, which is expected for structures in the linear regime. This is in accordance with the conclusion from local analysis that the design model for column C9 has to be improved and the numerical model for strain evolution updated.
The strain of column C3 features a visible loss of linearity (qualitative change in slope of correlation line, and decrease in linear correlation coefficient, see figure 8 ). This confirms the unusual behavior of column C3 which was detected in previous, local member analysis. Three of the most likely reasons for unusual behavior are rotation of the floor slab, drift of the floor, and differential settlement of foundations (see figure 5) . The measurements did not show inclination or drift of the second-story slab at the building level, as per figure 5(b) . Since all the units in the building are interconnected with structural elements it is not likely to expect independent rotation or drift of the second-story slab only in Unit A, unless it is damaged. Visual inspection did not confirm any damage, therefore the most probable reason for discrepancy in column behavior is differential settlement of the foundations. The decrease in absolute strain of column C3 (see figure 6 ) confirms the hypothesis of differential settlement: column C3 settles and unloads, while columns C1 and C2 take the load and deform more (see figure 5(a) ). The preserved linear correlation between columns C1 and C2 confirms that both columns are engaged. The hypothesis that column C3 experiences differential settlement of foundations was further studied and confirmed using a Bayesian analysis of data and a concrete model based on Eurocode (see [22] ).
A simplified structural analysis was performed in order to assess the magnitude of differential settlement, showing that the differential displacement among the column tops are in the range of a few millimeters. This small detected anomaly does not present a risk to the structural health of the building. However, monitoring of the strain evolution should continue in order to ascertain whether the differential settlement has stabilized or not, and, in the case of latter, whether there is a necessity for potential rehabilitation of the foundation or not. Detection of this minor unusual behavior demonstrates the sensitivity of the monitoring system and efficiency of the employed monitoring method.
Conclusions
A pioneering project on SHM of residential buildings in Singapore is presented. The monitoring method as well as the results collected during approximately ten years are presented and analyzed. The registered parameter was average static strain in columns and it allowed the monitoring of structural behavior at a local (column) and a global (building) level. The project realization was subjected to real-life limitations, such as those related to cost constraints and safety issues. As the consequence of the former, a limited number of sensors were installed. As the consequence of the latter, accessibility to sensors at different stages of the project was limited, and thus some data is missing in the results of monitoring. In addition, some data related to design and structural analysis is not publishable. In spite of these limitations, the project yielded very important insights on the real structural behavior and monitoring method.
Three different periods with various dominant strain components were observed: during the first 1.25 years, approximately all the strain sources (load, rheologic effects, and temperature variations) contributed to total strain; during the next 2.5 years, approximately the creep and the shrinkage dominated; while afterwards the strain generated by temperature variations became dominant (this is, particular for Singapore where there are practically no seasons and temperature variations range between 23 and 34 • C).
The monitored strain in each column was compared with a numerically modeled strain evolution based on the design for an elastic strain component, and simplified MC90 for rheologic strain components. In spite of the limitations imposed by the real-life setting, the comparison demonstrated rather good agreement between the measurements and the model; the relative difference was approximately within ±25% range.
Three behavioral groups of columns were identifiedGroup 1, with no observable irregularities in behavior, Group 2, with observable irregularities, and Group 3, with unusual structural behaviors. Irregularities in behavior and unusual behaviors are attributed to non-designed redistribution of strain among columns caused by rheologic effects, structural interactions with horizontal members (slabs and beams), and differential settlement of foundations. In particular over-dimensioning of column C9 and differential settlement of foundation of column C3 were detected. The tremor did not affect the structural behavior of columns and the strain change measured after the tremor was within the range measured during 48 h sessions before (2004) and after (2005) the tremor. Consequently, safety concerns were cleared in quasi-real time, and there was no need to evacuate the buildings.
The use of fiber optic sensors on such a large scale for monitoring of high-rise buildings is the first in Singapore and the world, and it sets a direction that will help to better understand the behavior of tall buildings during their life cycle, from construction to service conditions. The employed monitoring system performed very well and all the sensors still functioned properly more than ten years after embedding in concrete. The monitoring method allowed for detection, localization, and quantification of unusual structural behaviors at an early stage and in real-life conditions, confirming its very good performance and demonstrating the high sensitivity of sensors.
The developed monitoring method achieved the objectives of the Punggol EC26 project, and several general recommendations for SHM of high-rise buildings resulted from the project. In geographic areas with significant daily and/or seasonal temperature variations, it is highly recommended to monitor temperature along with the strain, for an accurate data interpretation and analysis. High-rise buildings are large structures supported by an important number of columns, and this research shows that structural behavior and health condition of the building can be assessed with good accuracy even if a limited number of columns is monitored; however, the total number of the sensors should not be underestimated, and it should be determined based on structural analysis. Simplified modeling of concrete rheologic behavior provided a satisfactory accuracy in data analysis; however, for more accurate data analysis, more sophisticated models may be considered necessary, and their development should happen at an early stage of the SHM project. Depending on the structural complexity of the building more sensors may be needed for a more robust SHM; e.g., several sensors per column are required if bending is expected in the design of the columns, the sensor gauge lengths should be tailored to the expected strain distributions in the columns, and they may be required not only in ground-level columns, but also in higher levels and in some other structural members. More regular (quasi-continues) collection of data could provide a better understanding of daily and seasonal strain variations in the building, allow for more accurate data analysis, and serve for quasi-real-time damage detection. In geographic areas exposed to natural or man-made hazards, particularly to earthquakes and strong winds, dynamic sensors may be needed to assess the structural behaviors during the adverse events. The presented method does not aspire to be the unique method to be applied in high-rise building monitoring or to replace the existing methods; it should rather be observed in the context of information it provides and combined with other methods (e.g. vibration-based methods discussed in section 1) and other sensor configurations (e.g. installed in upper floors or in horizontal structural members) depending on project requirements and on-site setting.
